The dynamics of electron acceleration driven by laser wakefield is studied in detail using the PIC 7 code WARP with the objective to generate high-quality electron bunches with narrow energy spread 8 and small emittance, relevant for the electron injector of a multi-stage accelerator. Simulation 9 results, using experimentally achievable parameters, show that electron bunches with an energy 10 spread ∼ 11% can be obtained by using ionization-induced injection mechanism in a mm-scale 11 length plasma. By controlling the focusing of a moderate laser power and tailoring the longitudinal 12 plasma density profile, the electron injection beginning and end positions can be adjusted, while the 13 electron energy can be finely tuned in the last acceleration section.
it can be achieved by focusing a single laser pulse in a gas 48 * patrick.lee@u-psud.fr † brigitte.cros@u-psud.fr medium composed of a mixture of high atomic number
49
(Z) gas usually oxygen, nitrogen, or argon and low Z gas operating parameters can be further optimized.
81
We have performed numerical studies using the PIC 82 code WARP to determine optimized conditions for con-
83
trolled ionization injection using a moderate power laser 84 pulse, propagating in a single-stage mixed-gas cell. By
85
analyzing the dynamics of electron injection and accel-
86
The plasma electron density, n e , is chosen to be in the 134 range of (10 18 − 10 19 ) cm −3 . In this range, the density 135 is high enough for self-focusing of the laser pulse to be (where a constant of order unity 138 has been neglected), to be in the mm-range and allow for 139 electron acceleration to energies in the required range;
140
here λ p is the plasma wavelength and λ 0 the laser wave-
141
Maximum electron number density on axis max(ne0) 7. Normalized amplitude z 0 Figure 1 . Evolution of a0 with respect to the propagation axis z. The grey dashed line shows the longitudinal density profile of the gas cell, or ELISA profile. The shaded area represents the injection range of length ∼ 630 µm. We define four markers in the injection zone: z0, the position where injection begins; z1, a position between z0 and z2; z2 the position where where a0 is maximum; z3, the position where injection stops.
energy spread electron beams (> 120 MeV, < 15%) were 177 obtained via ionization-induced injection in a weakly rel-178 ativistic laser wakefield induced by moderate power laser 179 pulses (initial a 0 < 1).
180

B. Electron beam properties
181
A simulation with the parameters shown in Table I The electron beam energy distribution is analyzed at 186 the exit of the gas cell on the z axis, z exit , equal to the 187 total plasma length: z exit = L plasma = 2.4 mm. In Fig. 2 188 the charge density of the accelerated electron beam (black 
Sum of all electrons Figure 2 . The blue dashed line shows the energy spectrum of electrons from N 5+ → N 6+ , whereas the red, dashed-dotted line shows the energy spectrum of electrons from the ionization of N 6+ → N 7+ . The black solid line represents the sum of the two spectra. Only K-shell electrons contribute to the electron beam energy spectrum at zexit. Other electrons are not trapped but contribute to building the plasma wake. An energy cutoff at 10 MeV is applied.
This energy is linked to the structure of the gener- where
and v φ is the wake phase velocity. Ψ is the wake poten- on electrons with γ ≥ 20.
214
As shown in Fig. 2 given by Eq. II.1 are trapped in the first bucket, defined 296 by the region of negative E z bounded by zero crossing.
297
At z 1 , the laser envelope is already deformed due to 
where r e = e 2 /(mc 2 ) is the classical radius, R b is the 337 radius of the blown-out region, k p is the wavenumber of blown-out regime.
346
At the end of the injection region, z 3 , the high- the initially injected ones and ended up populating the 370 peak region.
371
At the exit of the gas cell, z exit the same 372 electron bunch has increased its peak energy to 373 E peak = 65.7 MeV, and its FWHM energy spread is re-374 duced to ∆E/E peak = 13.1%. On one hand, the accel- so that the energy gained by the electron bunch between 381 z 3 and z exit is small, ∼ 3.1 MeV.
382
The accelerating field, E z can be deduced directly with 
A. Flat density profile beyond z3
460
A first example is illustrated in Fig. 8 . The longi-461 tudinal density profile of interest is shown in Fig. 8(a) .
462
In Fig. 8(b) are plotted the electron bunch distribution is being decelerated while the head is still being acceler- ating wakefields, as shown in Fig. 8(c) .
495
The evolution of the laser vector potential, a 0 for this 496 case is similar to the one represented in Fig. 1, inferring 497 that the variation in the density profile has no great in-498 fluence on the laser propagation.
499
The energy gain starting from the end of the injection 500 process z 3 up to the exit of the gas cell z exit is ∆E = is increased by 20 MeV, therefore FWHM ∆E/E peak is 550 reduced from 14.2% (at z 3 ) to 11.0% (at z exit ).
552
C. Discussion
553
The normalized beam emittances with respect to en-554 ergy shown in Fig. 13 are very similar to those in Fig. 10 .
555
Using profiles in Fig. 8 (a) and 11(a), ε xrms and ε yrms in 556 both cases are preserved. for all three simulations, implying that no electrons were 561 lost during the acceleration process.
563
In this simulation, the evolution of the laser vector profile (a), E peak at z exit is lower due to the decreasing Figure 14 . Energy distribution of the traced electron bunch (E ≥ 50 MeV at z3) at the exit of the gas cell, zexit, the onsets above each spectrum show the corresponding tailored longitudinal density profile: (a) with ELISA profile, (b) with a descending gradient, (c) with a plateau.
profile (b), the FWHM ∆E/E peak is decreased to 11% From the presented results, the growth in FWHM
582
∆E/E peak observed in Fig. 8(c) is mainly caused by 583 the evolution from nonlinear, beam-loaded accelerating 584 wakefields to sinusoidal oscillations when a 0 declines.
585
This effect is mitigated using a descending gradient with 586 the appropriate density predicted using the linear theory.
587
Simulations with this longitudinal density profile show a 588 decrease in the FWHM energy spread.
589
The presented method demonstrates a way to optimize preserved and the FWHM ∆E/E peak is reduced.
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